Observations made on 21 occupations between 1993 and 2016 of GO-SHIP line SR1b in eastern Drake Passage show an average temperature of 0.53 • C deeper than 2000 dbar, with no significant trend, but substantial year-to-year variability (standard deviation 0.08 • C).
Introduction
The ocean is responsible for absorbing 93% of the global energy imbalance since the 1970s [IPCC, 2013] . The Argo profiling float program has enabled investigators to deduce, with increasing confidence, trends in ocean temperature in the top 2000 m contributing 0.4 to 0.6 W m −2 to the global energy budget [Roemmich et al., 2015; Wijffels et al., 2016] , with 67% to 98% of this increase found in the Southern Ocean. Decadal repeat hydrographic sections have shown significant deep warming over most of the Southern Ocean, giving an average warming trend of 2.5 m • C yr −1 between 2000 m and 4000 m south of the Subantarctic Front (SAF) [Purkey and Johnson, 2010; Desbruyères et al., 2016a] . These decadal changes are associated with changes in the volume and properties of deep water masses, with Antarctic Bottom Water (AABW) warming, freshening, and decreasing in volume globally Johnson, 2012, 2013] . While these signals -2-This article is protected by copyright. All rights reserved.
Confidential manuscript submitted to JGR-Oceans are significantly different from zero over most of the Southern Ocean, they are also spatially and temporally variable [Purkey and Johnson, 2012; Johnson et al., 2014] . The Scotia Sea seems to be an exception to the pattern of significant deep warming, with Purkey and Johnson [2010] and Desbruyères et al. [2016a] Interannual variability in Antarctic Bottom Water (AABW) properties in the Scotia Sea has been linked to wind-driven variability in the Weddell Gyre by way of changes in the properties and volume of AABW-precursor water exported from the Weddell to the Scotia Sea [Jullion et al., 2010] . The total trends in deep temperature along repeat sections in the Southern Ocean, however, are dominated by isopycnal heave rather than by changes in properties on isopycnals [Desbruyères et al., 2016b; Gille, 2008] . In the Antarctic Circumpolar Current (ACC), where isopycnals slope steeply, heave of deep isopycnals may be associated with lateral motion driven by surface dynamic forcing, and may parallel surface meander and eddy variability [Gille, 2008; Meijers et al., 2011; Swart and Fyfe, 2012] . The positions of the ACC fronts have been shown to have a regionally-varying response to atmospheric variability [Dong et al., 2006; Sallèe et al., 2008] , with southward shifts over the last decades in some parts of the Southern Ocean [Sokolov and Rintoul, 2009; Meijers et al., 2011] producing 1.2 W m −2 of warming, partially compensated for by −0.6 W m −2 of diabatic cooling [Meijers et al., 2011] . Although Drake Passage and the Scotia Sea are one of the most topographically constrained sections of the ACC, front position here nevertheless is highly variable at a variety of time scales [Cunningham et al., 2003; Firing et al., 2011; Lenn et al., 2008] , with the Polar Front (PF) having a clearly bimodal position on SR1b [Cunningham et al., 2003 ]. We will investigate the role of both vertical isopycnal heave and lateral movements of the ACC fronts in the variability and trends in deep temperature in Drake Passage.
The hydrographic data collected annually since 1993 on section on SR1b (Section 2) allow us to separate interannual variability from secular trends in deep temperature, investigating the contributions of isopycnal displacements (heave) and changes on isopycnals (Section 3) and the relationship between heave and the positions of the ACC fronts (Section 4). at Burdwood Bank, with spacing ranging from 35 to 40 km in mid-passage to 2 km over the continental slopes [King and Firing, 2015] .
Salinity data from the conductivity temperature and depth (CTD) sensor from each cruise have been calibrated using bottle samples and salinity standards [King and Firing, 2015, 1] , and corrected for batch-to-batch salinity standard offsets (ranging from −1.5 × 10 −3 psu to +0.7 × 10 −3 psu, Kawano et al. [2006] and H. Uchida, pers. comm.).
No batch correction was applied to data from JR16. The batch correction has a negligible effect on velocity and related quantities. It does change the partitioning between the isopycnal and heave components (Section 3) of temperature change, however, on average increasing (decreasing) the variance in the heave component in the northern (southern) part of the passage by approximately 1%, and subtracting approximately 10% from the heave component of the trend, with the opposite effects on the isopycnal components.
Because the northern end of the SR1b track has changed over time, we interpolate the observations from each occupation onto a common line (Figure 1a ) based on water depth. Temperature and salinity profiles are smoothed using a 30-dbar Hanning window and then linearly interpolated onto a 10-dbar by 0.02-degree latitude grid. Bottom triangles are filled by interpolating or extrapolating from neighboring profiles, matching to the data above at the deepest observed depth. The relationships presented here are not sensitive to how the bottom triangles are treated, as long as the same area is compared for each occupation.
We compute neutral density γ n [Jackett and McDougall, 1997] , absolute salinity S A and conservative temperature Θ [IOC et al., 2010] from the gridded temperature and salinity profiles. The southward and upward slope of Θ and γ n characteristic of the ACC is present in their means (Figure 1b) . In Section 3 we use γ n (p, y,t), where p is pressure, y is the along-section distance, and t is time, to regrid the Θ sections in (γ n , y) or (p, γ n ) coordinates, in order to separate the deviations of Θ(p, y,t) from the mean Θ field This article is protected by copyright. All rights reserved.
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We calculate the baroclinic cross-section velocity u r e f relative to a reference level p r e f by integrating the geostrophic shear:
∂y dp ′ ,
where p is the pressure vertical coordinate, y is the along-section distance (positive in the northward direction), f is the Coriolis parameter, and δ, the specific volume anomaly, depends on Θ and S A [IOC et al., 2010] . Using the bottom p(y) (Figure 1b ) for p r e f gives u bot , the baroclinic velocity referenced to zero at the bottom.
Sea level anomaly (SLA) maps (MSLA-H) generated by the Copernicus Marine and Environment Monitoring Service (CMEMS) using data from multiple satellite altimeters are combined with the CNES-CLS13 mean dynamic topography (MDT) to produce sea surface height fields. The fields have been mapped onto a 1/4 • grid using length scales of 125 km [Ducet et al., 2000] . We average the fields weekly (noting that each occupation of
SR1b spans approximately 5 days) and interpolate sea surface height η to the SR1b line ( Figure 1a ) to compute surface geostrophic velocity across the line:
where g is the acceleration due to gravity.
3 Deep temperature changes, isopycnal displacements, and isopycnal property changes The uncertainty given for this and subsequent trend estimates is a 95% confidence interval (that is, twice the standard error of the trend fit coefficient) based on the residual time series variance, rather than on spatial variability, and on the independence of each measurement. The lack of significant autocorrelations of the residuals, as well as the fact that in general the quantities with larger/smaller time series variance also exhibit larger/smaller latitudinal variance, both reflect the prevalence of eddy and meander variability (Section 3.2).
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where | p indicates evaluation at constant pressure level p, | n indicates evaluation at constant neutral density γ n , and (∂Θ/∂p) is the vertical gradient of the mean Θ field (Figure 1b) . The first term on the right hand side corresponds to the change in Θ on isopycnals at a given latitude. The second term on the right hand side is a linear approximation for the change in Θ due to vertical displacements of isopycnals, or heave. The two terms are often associated, respectively, with changes in water mass properties and with dynamical variability, although the heave term also reflects changes in water mass renewal rates (as discussed by, e.g., Desbruyères et al. [2016b] ).
We perform this decomposition on time series composed of the deviations of each occupation from the record mean ( Figure 1b Figure 2a ) is relatively small between 1000 dbar and 3600 dbar.
The decomposition of temperature trends into isopycnal and heave components 
Vertical and horizontal stratification and isopycnal displacements
Apart from this area near the bottom in the southern part of the section, and over the northern continental slope, the heave signal below 1000 dbar tends to be horizontally banded, suggesting a contribution from lateral isopycnal shifts instead of or in addition to vertical displacements. In the time series, these fluctuations may be associated with eddies or meanders. The trend in isopycnal position over time (Figure 4e ), meanwhile, is consistent with northward migration of the strong density gradient associated with the PF over a range of depths (compare initial and final positions of the γ n contour inflection point at the southern edge of the PF in Figure 4e ).
In the presence of a large-scale monotonic horizontal density gradient such as that found in the ACC (that is, isopycnals sloping in one direction, as in Figure 1b ), the de--7-composition into changes due to spatial displacement of isopycnals vs changes in properties of isopycnals can also be done in the horizontal, by exchanging p and y in Equation 3. Additionally, where the same water mass properties are found across a range of latitudes, such that, at each time, the vertical profile T-S (temperature-salinity) curves and the T-S curves on pressure levels overlie each other, the partitioning between isopycnal change and isopycnal displacement components should be the same for the horizontal decomposition as for the vertical. Such a tight T-S relationship ( Figure 5 ) is found on SR1b below 1000 dbar and north of 60 • S (that is, north of the SACCF), signaling water that is well-mixed along isopycnals.
As a result, over most of the section, time series of temperature variability associated with horizontal isopycnal displacements closely follow those associated with vertical heave. Although temperature trends due to isopycnal displacements are small relative to the variability, the spatially-averaged horizontal displacement-driven and reconstructed total trends (not shown) in the southern and northern parts of the section echo their vertical counterparts ( Figure 4f and Figure 4b ). In most of the northern part of the section, the horizontal (not shown) and vertical ( Figure 4e ) isopycnal displacement-driven trends are nearly identical even without spatial averaging, reflecting the strong horizontal density gradients and relatively large scales of the eddy and meander variability. In the AZ, however, the relatively small background horizontal density gradient is overwhelmed by the noise of the smaller-scale eddies in the horizontal displacement term, with the result that the spatial pattern of temperature trends in the southern part of the section is not well captured by the horizontal decomposition.
Deep temperature variability and frontal position
The positions of the ACC fronts exhibit wind-driven and internal meander and eddy variability on a variety of time scales [Sokolov and Rintoul, 2009; Lenn et al., 2008] , and have previously been related to temperature trends in the upper Southern Ocean Sokolov and Rintoul, 2003; Gille, 2008; Hutchinson et al., 2016] . The dominance of the isopycnal displacement (heave) contribution to deep temperature variance, discussed in the previous section, suggests that frontal position variability may also be a driver of deep temperature variability.
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A frontal position proxy based on surface velocity
We compute a proxy for the positions and strengths of the ACC fronts (dynamically defined, as density gradient maxima):
where y S and y N are the southern and northern limits of integration, f 0 is the section mean of f and u r e f (0, y,t) is the baroclinic velocity at the sea surface relative to p r e f (Equation 1). Here we use u bot , the baroclinic velocity relative to zero at the bottom, but the time dependence of D is not sensitive to the choice of reference level, as long as p r e f ≥ 1000 dbar. We also compute D ssh using satellite altimeter-derived surface total geostrophic velocity u ssh (Equation 2) in place of baroclinic u r e f . D, which is qualitatively similar to the transport-weighted latitude index discussed by Gille [2014] , depends on both the section-mean baroclinic velocity and the correlation between baroclinic velocity and latitude; it is more negative when transport is concentrated further north.
Integrating Equation 4 (with u r e f = u bot ) from the southern to the northern end of the section produces a D 0 which principally reflects variability in the positions of the fronts: it is barely correlated with the total baroclinic transport (r = −0.18, not shown), but has a correlation of r = −0.76 with baroclinic transport north of 57.5 • S, a time series
(not shown) which strongly reflects the bimodal PF position described by [Cunningham et al., 2003] . We therefore will refer to D 0 as the integrated frontal position proxy. This article is protected by copyright. All rights reserved.
Confidential manuscript submitted to JGR-Oceans ficients of r = −0.76 and r = 0.81, respectively (the coefficient for D s is positive because f in this latitude range is more negative than f 0 ).
Correlations with deep temperature
The (Figure 3a ).
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Not only are both the amplitudes and typical horizontal scales of lateral temperature and density gradients smaller in the southern part of the section, but density is less sensitive to temperature variability in colder waters; thus we expect the connection between D and either total or heave-driven temperature variability to be more obscured by noise in the southern portion of the section than in the north. For total temperature, the isopycnal property change component, relatively larger in the southern part of the section, is another source of noise in the D-Θ comparison.
In the northern part of the section, the lateral displacements of density gradients and The heave-driven warming of AABW around γ n = 28.3 counteracts the isopycnal cooling there, producing a net warming trend in the bottom few hundred meters in the southern part of the section. The associated isopycnal position trends imply an expansion of denser AABW with γ n ∼ 28.3. Other analyses [Purkey and Johnson, 2012] have indicated that this expansion is localised to Drake Passage/the western Scotia Sea, with contraction found at the eastern edge of the Scotia Sea [section A16 Purkey and Johnson, This article is protected by copyright. All rights reserved.
2012] as well as in most of the rest of the Southern Ocean. As with the total temperature trend discussed above, large occupation-to-occupation variability in isopycnal positions means that none of these isopycnal position or heave-driven temperature trends are significant (that is, larger than their 95% confidence intervals) with the current record length.
Over most of the section (north of 60 • S and deeper than ∼1500 dbar), the same isopycnal temperature trends can be derived by considering either vertical or horizontal (pressure level) profiles, reflecting the fact that water is extremely well-mixed along isopycnals on SR1b (below the surface layer). This uniformity appears to characterise not only CDW, which has had considerable time in its journey around the ACC to be homogenized by eddy stirring, but also most of the AABW on the section. The consistency of properties and trends on isopycnals here contrasts with the differing adiabatic trends in intermediate waters south of Africa reported by Hutchinson et al. [2016] .
This along-isopycnal uniformity does not preclude time variability in isopycnal properties. Isopycnal temperature variance in the very lightest of the waters deeper than 1000 dbar, in both the southern and northern parts of the section, may partially derive from the same seasonal variability in properties of CDW in the top 1000 m described
by Evans et al. [2014] ; however, this variance does not appear to extend to the deeper, more isolated LCDW in the northern part of the section. In the southern part of the section, changes on isopycnals contribute up to 20% of the in situ temperature variance in the AABW layers. Variability in AABW properties in Drake Passage, on time scales from monthly [Rubython et al., 2001 ] to interannual [Jullion et al., 2010] , has been related to wind-driven changes in Weddell Sea Deep Water (WSDW) entering the region. Such variability in WSDW export may be reflected not only in properties but also in volume of AABW or its sub-classes, and thus may appear in the heave-driven as well as the isopycnal component of temperature variance. Heave-driven and isopycnal temperature time series are not correlated in the AABW layer in general, but are significantly correlated (coefficients of r = 0.5 to r = 0.8) around the boundary between AABW and LCDW.
They are also significantly negatively correlated around the boundary between LCDW and UCDW in the northern part of the section.
Heave-driven temperature change due to modulation of the overturning circulation would be expected to mirror its spatial structure. For the most part (aside from the area near the bottom in the southern part of the section, and the area immediately adja--13-cent to the northern continental slope), however, the heave-driven temperature trends and variability on SR1b are dominated by multiple horizontal bands of alternating sign, suggesting they might just as well be produced by depth-coherent lateral movements of the sloping isopycnals. Meijers et al. [2011] previously found Southern Ocean temperature trends to be dominated by such adiabatic, dynamically-driven shifting of the ACC fronts.
We have constructed a proxy for the positions of the fronts on SR1b based on the correlation between surface baroclinic velocity and latitude, and find that correlations with this proxy, D, explain 76% of the section-averaged deep temperature variance. Due to the strength and bimodal nature of the PF [Cunningham et al., 2003] [2003] previously noted an association between the northward position of the PF and cold AABW temperatures, and vice versa, in the Ona Basin (that is, on the southern part of SR1b), the latitude of the SACCF appears to be an even stronger predictor of deep temperature in this region.
In the northern part of the section, deep temperature variability is predicted nearly as well (> 70% variance explained) by using satellite altimeter-derived surface geostropic velocity (rather than baroclinic velocity) to construct a version of the frontal position proxy (D ssh ). This correspondence reflects the alignment between density and pressure gradients, or between deep and surface velocity maxima, in the ACC Sun and Watts, 2001; Meijers et al., 2011; Hutchinson et al., 2016] . Lower correlations in the southern part of the section may be due to the much smaller signal:noise ratio there. The weekly time series of scaled D ssh (Figure 7a ) contain substantial energy on a range of time scales from monthly to interannual, and imply that much of the variability in the annual repeat hydrographic sections is aliased sub-annual eddy variance. Additional subannual variance, such as the seasonal cycle in CDW thickness described by Evans et al.
[2014], may appear only in vertical heave and thus not be captured by the frontal position proxy.
The difference between the deep temperature trend due to isopycnal heave and the deep temperature trend predicted by frontal position proxy D is small compared to the (considerable) uncertainty on either quantity. Speculating nevertheless, we note that the -14-This article is protected by copyright. All rights reserved. On behalf of all authors, the corresponding author states that there is no conflict of interest.
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